Introduction
Heat stress affects growth and productivity Asner, 2003 and Wahid et al., 2007) and reduces grain yield and quality in wheat (Stone & Nicolas, 1995; Lidon, 2009 and Asseng et al., 2015) . Wheat (Triticum spp.) is susceptible to heat stress Lidon, 2010 and Wang et al., 2016) . Optimum temperature during wheat anthesis and grain filling ranges from 12-22°C (Farooq et al., 2011 and Dwivedi et al., 2017) . Wheat yield declines by 3-4% for every 1°C increase above 15°C and grain number decreases by 12.5% as temperature increases by 1°C from 25/20 to 35/20°C day/night (Wardlaw & Wrigley, 1994) . Other studies showed that increasing temperature more than 30°C during pre and/or post anthesis causes reduction in yield and quality of wheat (Stone & Nicolas, 1995 and Barnabas et al., 2008) . The exposure of wheat plants to heat stress due to global warming or delayed sowing causes yield loss (Pandey et al., 2015) . In the Mediterranean region, including Egypt, heat stress is one of the most important causes of yield loss in wheat during W HEAT (Triticum aestivum L.) is a vulnerable crop to heat stress. A set of 12 wheat genotypes were evaluated under timely and late sowing dates using physiological and yield traits during the two years of 2015/2016 and 2016/2017. Consequently, seven genotypes were used in a half-diallel mating system. The parents and their 21F 1 hybrids were evaluated under timely and late sowing dates during 2018/2019. The results indicated that both chlorophyll absorbance at anthesis and flag leaf temperature depression at milk stage were strongly associated (r= 0.6; P<0.001) with grain yield under heat stress induced by late sowing date. Therefore, using these traits is highly recommended screening tools for heat stress tolerance in wheat breeding programs. Significant differences were observed between the parental genotypes for their GCA and between their crosses for SCA for all traits under heat stress. The additive constituent of gene action was predominant. Among the seven parents, 1, 4, and 6 were the best general combiners for grain yield, 1000 grain weight, chlorophyll absorbance at anthesis, flag leaf temperature depression and canopy temperature depression at milk stage under heat stress. The best specific crosses for grain yield were 6×9, 6×11 and 1×4, for flag leaf temperature depression at milk stage were 6×11, 6×9 and 10×11 and for canopy temperature depression at milk stage were 4×6, 1×4 and 6×11 under heat stress. Taking advantage of both additive and non-additive components requires using bi-paternal and multi-parental mating approaches in wheat breeding programs targeted to develop heat-tolerant varieties.
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Mohamed B. Ali Agronomy Department, Faculty of Agriculture, Assiut University, Assiut 71526, Egypt. pre and post-anthesis stages (Wardlaw et al., 1989) . Approximately 21% of the world's food depends on the wheat (Triticum aestivum L.) crop (http:// www.fao.org). Both Heat along with drought stresses affect 200 million hectares of wheat cultivated worldwide each year (Ortiz et al., 2008) . This affected area might be increased in the next few decades due to global warming phenomenon.
In addition, the world population is expected to reach about 9 billion by 2050 (United Nations, 2011) . The resultant population growth is expected to cause a food crisis unless efforts are made to increase the production of wheat under such circumstances. This crop is considered a staple food in many parts of the world. Therefore, wheat production has to be increased to overcome adverse effects of high temperature as well as growth of the world population.
The differences between the plant canopy, flag leaf or spike temperatures and the ambient air temperature are defined as canopy temperature depression (CTD), flag leaf temperature depression (FLTD) or spike temperature depression (STD), respectively. These measurements have been known as an indicator of heat stress tolerance in wheat (Ayeneh et al., 2002; Balota et al., 2007 and Ali et al., 2010) . In addition, they showed a strong positive association with yield and its components under heat stress during post-anthesis stages in wheat (Ali et al., 2010) . Under heat stress, Ayeneh et al. (2002) reported a strong significant positive association between FLTD, STD and CTD on one side with grain yield on the other side. Blum (1988) reported that CTD varied from genotype to another according to canopy architecture. Later on, in 2002, Ayeneh et al. hypothesized that these differences in CTD were due to characteristics of the plant including a combination of both morphological and physiological structures e.g. leaf area, epicuticular wax on leaf and stem, existences of awns and the greenish of vegetative parts. In addition, they suggested that wheat organs, e.g. flag leaf and spike, shown different temperatures based on the plant architecture as well.
The most devastating effects of heat stress include speeding leaf senescence (Farooq et al., 2011 and Tovignan et al., 2016) , impairment of chlorophyll biosynthesis (Tewari & Tripathy, 1998) , reduction in stomatal conductance and transpiration rate (Gupta et al., 2015) , increase floral abortion (Wardlaw & Wrigley, 1994) , impairing pollen development (Young et al., 2004 and Kumar et al., 2013) and high rates of pollen mortality (Zhang et al., 2012) .
Photosynthesis is the most sensitive physiological process to heat stress (Wahid et al., 2007) as it results in impairment of the structure and function of chloroplasts and reductions in chlorophyll content (Xu et al., 1995 and Ristic et al., 2007) . Heat stress inhibits the photosynthesis process; therefore, it adversely affects plant growth and development (Mathur et al., 2014) . Wheat yield can be dramatically declined due to the negative effects of high temperature on the conveyance of assimilates from green tissues to grains (Plaut et al., 2004) . Therefore, the good status of chlorophylls guarantees an efficient photosynthesis process. However, heat stress causes chlorophyll loss and increases leaf senescence that adversely affects the efficiency of photosynthesis process and finally causes a dramatic loss in yield and its components. The measurements chlorophyll absorbance (CA) using SPAD chlorophyll meter can be used to estimate the chlorophyll concentration in the leaf. A portable handheld SPAD meter has been used extensively to estimate the relative chlorophyll content in leaves (Ayeneh et al., 2002; Richardson et al., 2002 and Ali et al., 2013) . Strong positive correlations were detected between CA and grain yield and its components in wheat under heat stress (Ayeneh et al., 2002 and Ristic et al., 2007) .
Promising traits can be used as to screen wheat germplasm, in wheat breeding programs, to identify heat-tolerant genotypes include ability to stay green, high canopy temperature depression, high chlorophyll content, and others (Reynolds et al., 2009 and Foulkes et al., 2010) . Thus, using such non-destructive measurements, i.e. CTD, FLTD, STD and CA are considered as paramount measurements in breeding programs.
Grain yield is the key component in selecting heat-tolerant genotypes in wheat breeding programs (Mesihovic et al., 2016) . Yield and yield components are complex traits; hence, it is hard to increase them under heat. That is because complex traits are low heritable traits as well as they are highly affected by the environment and genotype × environment interactions (G×E) under heat stress. Therefore, using less complicated traits, e.g. CTD, FLTD, STD and CA can help identifying heat-tolerant genotypes. In addition, Heat susceptibility index (HSI) developed by Fischer & Maurer (1978) can be used efficiently to estimate yield stability across diverse environments including favorable and abiotic stress ones.
The efficacy of wheat breeding program depends on creating variability, knowing general and specific combining ability, in addition to categorizing type of gene action for yield and it attributes . Selecting parental genotypes is an important step towards developing new varieties, which can be accomplished via half-diallel mating system (Griffing, 1956) .
Identifying good combiners can help improving breeding programs via combining these genotypes in multiple crosses (Joshi et al., 2003) . The diallel cross approach allow breaking down of linkage and enhance accumulating of favorable genes (Jensen, 1970) . In self-fertilizing crops, e.g. wheat, GCA effects are more important than SCA because the improvement of these crops depends on additive gene action, which is transferable to next generations unlike cross-fertilized crops (Joshi et al., 2003) .
The objectives of the current study were: (i) Evaluate the feasibility of using flag leaf, spike and canopy temperatures depression as well as chlorophyll absorbance at anthesis and milk stages as screening tools for heat stress tolerance, (ii) Determine the association between these organs temperatures and chlorophyll absorbance and grain yield, (iii) Investigate the relationship between heat susceptibility index and organs temperatures and chlorophyll absorbance as well as grain yield, (iv) Detect genotypes with good general combining ability under heat stress, and (v) Identify superior cross combinations that may be used to develop new heat-tolerant varieties.
Materials and Methods
The current study consisted of two experiments: 1) The first experiment included evaluation of exotic germplasm and local cultivars using physiological parameters and yield traits under timely and late sowing dates and 2) The second experiment comprised a half-diallel analysis using selected genotypes based on the evaluation of the first experiment.
First two years experiment
Plant material and growing conditions A set of 10 advanced breeding lines (ABL) obtained from CIMMYT's breeding program along with two Egyptian cultivars (Table 1) were grown at Assiut University Agricultural Research Station (AUARS), Assiut, Egypt for two growing seasons (2015/2016 and 2016/2017) . In each growing season, the 12 genotypes were grown in two sowing dates including a timely sowing date (01 November) and a late sowing date (14 December). This late sowing date allows the exposure of genotypes to high temperature during anthesis and milk stages. The temperatures during growing seasons are shown in Table 2 . Both optimum and late sowing dates were irrigated regularly as recommended to avoid the occurrence of any drought stress. Diseases, insects and weeds were controlled by applying pesticides to avoid any damage to leaves or spikes and prevent yield loss.
In each of the aforementioned sowing dates, genotypes were sown in a split-plot design with three replications. The sowing dates were assigned to the main plot whereas the genotypes were allocated in the sub-plot. Each genotype in each replication was seeded in 10.5m 2 plot including 10 rows (3 meters long with inter-row space of 0.35m). 
Traits studied
Flowering traits: The number of days from sowing to 50% of plants showed approximately one-half of their spikes from the sheath of the flag leaf is recorded as the number of days to 50% heading (DH) for each genotype. While the number of days to 50% anthesis (DA) is calculated by subtracting the sowing date from the date when at least one anther of 50% of plants for each genotype.
Plant organs temperature depression:
Five plants for each genotype were labeled at 50% anthesis. The flag leaves and spikes of these labeled plants were used to measure flag leaf and spike temperatures using a handheld infrared thermometer (Model 8866, JQA Instrument, Inc., Tokyo, Japan) at 50% anthesis and milk stages. The temperatures of flag leaf and spike were then subtracted from the ambient air temperature to calculate the flag leaf temperature depression (FLTD) and spike temperature depression (STD). Furthermore, the canopy temperature of each plot was recorded as per Ayeneh et al. (2002) . Similarly, the canopy temperature depression (CTD) was calculated as FLTD and STD as per Reynolds et al. (1994) .
Chlorophyll absorbance (CA):
Chlorophyll absorbance measurements were taken on the flag leaves of same aforementioned-labeled genotypes using a self-calibrating SPAD chlorophyll meter (Model 502, Spectrum Technologies, Plainfield, IL) as per Ristic et al. (2007) . The measurements of CA were recorded at 50% anthesis and milk stages. The measurements of FLTD, STD, CTD and CA on each set of five plants for each genotype in each stage were averaged to give one measurement for each replication.
Yield and its components: At harvest, a guarded squared meter from each plot was harvested to measure the yield and its components including grain yield (GYM; g/m 2 ) and 1000-grain weight (1000-GW; g).
Heat susceptibility index (HSI)
The heat susceptibility index was calculated for individual genotypes as per Fischer and Maurer 1978 using the following equation:
where Y h and Y c are the grain yield/m 2 for each genotype under heat stress and optimum conditions, respectively, while X h and X c are the mean grain yield/m 2 over all genotypes under heat stress and optimum conditions, respectively.
Statistical analyses
Separate and combined analysis of variance overall years were accomplished using PROC GLM procedure (SAS v9.0, SAS Institute Inc., Cary, NC, USA) assuming that years as a random effect and both sowing date and genotypes as fixed effects. Pearson's correlation among all traits was conducted using PROC CORR in SAS v9.0 (SAS Institute, 2003) .
Second (diallel ) experiment
Plant material and growing conditions Based on the evaluation of the first two years experiment (2015/2016 and 2016/2017), seven genotypes including heat-tolerant and heat susceptible genotypes were selected and crossed in a half-diallel scheme during growing season of 2017/2018. These seven parental genotypes were 1, 4, 5, 6, 9, 10 and 11 as indicated in Table 1 . The 7 parental genotypes and their 21 non-reciprocal F1 crosses were evaluated during growing season 2018/2019 at AUARS under timely and late sowing dates as indicted in the first experiment.
Traits studied
The 7 parental genotypes and their 21 non-reciprocal F1 crosses were assessed for their tolerance to heat stress using flowering, physiological and yield traits including days to heading (DH), days to anthesis (DA), chlorophyll absorbance at anthesis stage (CA-A), flag leaf temperature depression at milk stage (FLTD-M), canopy temperature depression at milk stage (CTD-M), grain yield per m2 (GYM) and 1000 grain weight (1000GW).
Statistical analyses
The seven parental genotypes and their 21 non-reciprocal F1 diallel crosses were analyzed using Griffing's method 2, model 1 (Griffing, 1956) via AGDR-R version 4 (Rodríguez et al., 2015) .
Results

First two years experiment
The differences in the minimum temperature from sowing date to heading date between the two sowing dates were 1.0ºC and 1.4ºC for 2016/2017 and 2017/2018, respectively. While, for the maximum temperature from sowing date to heading date, these differences between the two sowing dates were 1.0ºC and 0.9ºC for 2016/2017 and 2017/2018, respectively. On the other hand, from sowing to maturity, the difference in the minimum temperature between the two sowing dates was -0.7 for both two growing seasons (2016/2017 and 2017/2018), while the differences in the maximum temperature between the two sowing dates were -1.0ºC and -1.4ºC for 2016/2017 and 2017/2018, respectively (Table 2) . Tables 3 and 4 showed the averages of all traits for the 12 genotypes for optimum and late sowing dates in the current investigation for growing seasons 2016/2017 and 2017/2018, respectively. In addition, averages of all traits over the two growing seasons for each of optimum and late sowing dates were provided in Table 5 .
In a separate analysis of variance for each growing season using the split-plot design ( Table  6) , genotypes showed significant differences for all traits. Similarly, sowing dates showed significant differences for all traits for both growing seasons except for CTD at anthesis stage in the second growing season (2017/2018). According to the combined analysis of variance for the two growing seasons (Table 7) , genotypes showed significant differences for all traits. In addition, sowing dates exhibited significant differences for all traits except for days to anthesis. Furthermore, interactions among other sources of variation were not significant for all traits. DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m 2 and 1000GW= 1000 grain weight. DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m 2 and 1000GW= 1000 grain weight. DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m 2 and 1000GW= 1000 grain weight. *,**,*** Significant at the 0.05, 0.01 and 0.001 probability levels, respectively. DH= Days to heading, DA= Days to anthesis, CA-A= Chlorophyll content at anthesis stage, CA-M= Chlorophyll content at milk stage, FLTD-A= Flag leaf temperature depression at anthesis stage, FLTD-M= Flag leaf temperature depression at milk stage, STD-A= Spike temperature depression at anthesis stage, STD-M= Spike temperature depression at milk stage, CTD-A= Canopy temperature depression at anthesis stage, CTD-M= Canopy temperature depression at milk stage, GYM= Grain yield per m 2 and 1000GW= 1000 grain weight. 
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Year ( Correlation coefficients combined over the two growing seasons for each sowing date (Table 8) . Under optimum sowing date, FLTD recorded during milk stage showed positive significant correlation coefficients with STD recorded during at the same stage (r= 0.37, P= 0.01), CTD recorded at anthesis stage (r= 0.25, P= 0.05), CTD recorded during milk stage (r= 0.48, P= 0.001), GYM (r=0.43, P= 0.001) and 1000GW (r= 0.52, P= 0.001). Furthermore, STD recorded during the milk stage revealed positive significant correlation ranged from moderate values (r= 0.49, P= 0.001) with GYM to moderately high (r= 0.60, P= 0.001) with 1000GW. Moreover, CTD recorded during anthesis stage was positively significantly correlated with 1000Gw (r= 0.35, P= 0.01) while CTD recorded during the milk stage showed positive significant correlation with both GYM and 1000GW with values of correlation coefficients of r= 0.32 (P= 0.01) and r= 0.48 (P= 0.01), respectively. However, CA recorded during either anthesis or milk stages was not significantly correlated with neither GYM nor 1000GW. Whereas, under late sowing date (a heat stress condition), the correlation coefficients were stronger and highly significant between both CA and organs temperature depressions and almost the rest of traits including GYM and 1000GW than under optimum conditions. Briefly, CA at anthesis stage showed moderate to moderately high correlation with CA at milk stage (r= 0.57; P<0.001), FLTD at anthesis stage (r= 0.42; P<0.001), FLTD at milk stage (r= 0.50; P<0.001), CTD at both anthesis and milk stages (r= 0.41; P<0.001), GY (r= 0.60; P<0.001) and 1000GW (r= 0.47; P<0.001). The CA at the milk stage showed significant correlations with the same traits but the strength of correlations were less comparing to CA at anthesis stage. The FLTD at milk stage exhibited stronger association with STD and CTD at both anthesis and milk stages, in addition to GY (r= 0.63; P<0.001) and 100GW (r= 0.52; P<0.001) compared to FLTD at anthesis stage. On the other hand, the strength of association between STD at both anthesis and milk stages and other traits including GY and 1000GW were moderately low. Moreover, CTD during both anthesis and milk stages was moderately associated with GY and 1000GW.
Heat susceptibility index (HSI) for the two growing seasons is shown in Fig.1 . The average temperature depression values for flag leaf, spike and canopy under optimum and heat stress recorded at both anthesis and milk stages are shown in Fig. 2 . The recorded values of temperature depression for flag leaf, spike and canopy were higher at milk stage than anthesis stage. In addition, in both anthesis and milk stages, the temperature depression was the highest for canopy followed by flag leaf, while spike showed the lowest temperature depression under both optimum and heat stress. Furthermore, the values of temperature depression in the two stages for all organs were higher under heat stress than optimum.
The relationships between HSI and CA, organs temperature depression and yield traits under heat stress averaged over the two growing seasons were presented in Fig. 3 . In details, the relationship between HSI and CA at anthesis stage was stronger (r= -0.52, P= 0.08) than between HSI and CA at milk stage (r= -0.36, P= 0.25); however, both of these two relationships were not significant at 5% significance level (Fig. 3 a) . Regarding the relationship between HSI and FLTD at anthesis, the correlations coefficient was strongly negative and significant (r= -0.62, P= 0.03). Similar results were found between HSI and FLTD at milk stage (r= -0.65, P= 0.02) ( Fig. 3 b) . The relationship between HSI and STD at anthesis stage was not significant (r= -0.43, P= 0.17) while the relationship between HSI and STD at milk stage showed negative and significant correlation (r= -0.59, P= 0.04) ( Fig. 3 c) . The relationship between CTD at anthesis stage and HSI was not significant (r= -0.39, P= 0.21) while CTD at milk stage showed strong negative significant correlation with HSI (r= -0.63, P= 0.03) ( Fig.  3 d) . Both GYM and 1000GW showed negative strong correlation (r≈ -0.60, P= 0.03) with HSI ( Fig. 3 e, f) .
Based on the mean performance of genotypes under heat stress (Table 5) , seven genotypes were selected as parents to produce 21 nonreciprocal F 1 crosses in the second experiment. In addition, according to correlation coefficients among traits (Table 8) , some physiological traits (CA-A, FLTD-M and CTD-M) that showed high correlation with GYM and 1000GW, on one hand, and strong association with other physiological traits, on the other hand, were used in the second experiment. 
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Second (diallel) experiment
The means performance for all traits of parental genotypes and their 21 non-reciprocal F 1 crosses under optimum and heat stress conditions along with combined data are presented in Tables 9, 10 and 11, respectively. The results revealed that most F 1 hybrids performed better than the mean of their parental genotypes for physiological and yield traits.
Analyses of variance (ANOVA) of Griffing's method of parental genotypes and their nonreciprocal F 1 crosses for all traits under optimum and heat stress conditions as well as the combined analysis are presented in Table 12 . Briefly, under optimum condition, DH and CA-A showed significant differences for both genotypes and GCA, while DA showed significant differences for genotypes and SCA. None of the sources of variation for FLTD-M was significant, while only GCA showed significant differences for CTD-M. All sources of variation for both GYM and 1000GW showed significant differences. On the other hand, under heat stress, all sources of variation were significant for all traits except DH showed significant differences for only genotypes and GCA. According to combined ANOVA, both FLTD-M and CTD-M showed significant differences for treatments, treatment × genotypes, treatment × GCA and treatment × SCA. For GYM, all constituents of variation were significant except treatment × GCA, while all sources of variation were significant for 1000GW except for SCA and treatment × GCA.
General combining ability effects estimates (g i ) of the seven parental genotypes and the range of the specific combining ability effects (s ij ) for all traits under optimum, heat stress conditions and over all conditions are presented in Table 13 . In brief, under optimum condition, only significant GCA estimate for CA-A was noticed in genotype 4, which showed the smallest value of GCA (-0.99). The cross combination 9×11 showed the minimum significant SCA estimate (-1.42), while 1×4 showed the maximum significant SCA estimate (1.51). For FLTD-M, none of the parental genotypes showed significant differences based on GCA estimates. The cross combination 11×4 showed the maximum significant SCA estimate (0.65), while 1×9 exhibited the smallest SCA estimate (-0.31). For CTD-M, only one parental genotype that showed significant GCA estimate and ranked on the top highest parental genotypes with GCA estimate of 0.50, while the lowest GCA estimated was observed in parental genotype 11 (-0.24) . Based on SCA estimates, none of the crosses showed significant estimates. More details about SCA estimates can be found in Supplemental Tables 1-3 . For GYM, all parental genotypes showed significant estimates of GCA except parental genotype 5. The maximum significant GCA estimate was detected in parental genotype 6 (57.49) unlike parental genotype 10 (-75.83). The maximum significant SCA effects were observed in 1×11, 9×10 and 4×5, while the opposite was noticed in 4×11. For 1000GW, all parental genotypes exhibited significant GCA estimates except parental genotype 1. Parental genotype 4 showed the highest significant GCA effect (2.91) unlike parental genotype 10 (-3.91). The cross combination (9×11) displayed the maximum significant SCA estimate unlike (4×11). GYM (r= -0.61, P= 0.03) . 1000GW (r= -0.63, P=  0.03).   Fig. 3. The relationship between HSI and physiological and yield traits under heat stress averaged over the two growing seasons for the 12 genotypes. Under heat stress condition, for CA-A, all parental genotypes exhibited significant GCA estimates expect for parental genotype 1. The maximum significant GCA estimate was observed in parental genotype 6 (1.46) unlike parental genotype 1. Cross combination 4×9 showed the highest SCA estimate while the opposite was noticed in 6×9. For FLTD-M, only three parental genotypes displayed significant estimates of GCA. Parental genotype 6 showed the highest significant GCA estimate, while parental genotype 10 showed the minimum value. The maximum significant SCA effects were detected in cross combination 6×11, 6×9 and 10×11 unlike 4×11. For CTD-M, only four parental genotypes showed significant GCA estimates. Parental genotype 6 showed the maximum significant GCA estimate (0.53) unlike parental genotype 11 (-0.40). The maximum significant SCA estimates were observed in 4×6, 1×4 and 6×11, but the minimum significant SCA was detected in 9×10 and 9×11. Regarding GYM, all parental genotypes showed significant GCA estimates. Parental genotype 1 ranked on the top with GCA estimate of 39.00, while parental genotype 10 ranked on the bottom with a value of -37.99. The maximum significant SCA estimates were shown in cross combinations 6×9, 6×11 and 4×1 unlike 4×11. For 1000GW, all parental genotypes displayed significant GCA estimates except parental genotype 5. Parental genotype 4 came on the top with GCA estimate of 2.76 unlike parental genotype 11. The cross combination 10×11 possessed the highest significant SCA effect. For GCA and SCA estimates across both optimum and heat stress conditions, all parental genotypes showed significant estimates except two parental genotypes for CA-A, where parental genotype 6 ranked on the top with GCA estimate of 0.88 unlike parental genotype 10. The cross combinations 5×9 and 6×10 were on the top based on their SCA estimates unlike 6×9. For FLTD-M, all parental genotypes displayed significant GCA estimates except parental genotype 5. Parental genotype 6 showed the maximum significant GCA estimate (0.26) unlike parental genotype 10 (-0.35). The maximum significant SCA estimated was noticed in cross combination 1×4 unlike 4×10, which showed the minimum significant SCA estimate. For CTD-M, parental genotype was the only non-significant parental genotype based on GCA estimates. The maximum significant GCA estimate was detected in parental genotype 9 (0.29) unlike parental genotype 11 (-0.32). The maximum significant SCA estimate was observed in cross combination 1×4 unlike 9×11. For yield traits, all parental genotypes showed significant estimates of GCA except parental genotype 9 for GYM. The maximum significant GCA was noticed in parental genotype 6 (44.63) unlike parental genotype 10 (-64.74). The maximum significant SCA estimate was shown in cross combination 1×4 unlike 4×11. Finally for 1000GW, all parental genotypes exhibited significant GCA estimates with maximum value found in parental genotype 4 (2.97) and minimum value in parental genotype 10 (-3.97). The maximum significant SCA estimate was found in cross combination 10×11 unlike 4×11.
e. The relationship between HSI and GYM under heat stress averaged over the two growing seasons. Solid line with diamond markers shows
f. The relationship between HSI and 1000GW under heat stress averaged over the two growing seasons. Solid line with diamond markers shows
Discussion
First two years experiment
The temperature depression values were higher under heat stress than optimum condition for all organs; in addition, the canopy temperature depression was the highest under all conditions compared to flag leaf and spike. In this regard, Ayeneh et al. (2002) emphasized the same pattern as the results of the current study. Moreover, the temperature of depression measured during the milk stage was higher than anthesis. This was due to the cooling effect of leaf rolling during this stage because of higher temperature either under optimum or heat stress; however, the depression under heat stress was higher as the degree of leaf rolling was higher as response of high temperature. Similarly, my results were similar to those obtained by Ayeneh et al. (2002) . This was because the temperature inside the rolled leaf was very much cooler than the ambient air temperature compared to unrolled leaves. Moreover, the canopies temperature depression showed the highest depression as they have more area under knees to transmit heat over to the ambient air through convection and reflectance (Blum, 1988) .
In a similar study accomplished by Ayeneh et al. (2002) , they found that STD was lower than FLTD and CTD. In addition, they reported that under heat stress conditions induced by late sowing date, FLTD and CTD were close to each other. In this context, the results of the current study were consistent with Ayeneh et al. (2002) . Furthermore, they reported that FLTD, STD and CTD were significantly correlated with grain yield under heat stress. These findings were in consistency with the results of the current investigation. Under heat stress, both FLTD and CTD showed higher association with grain yield at milk stage comparing to anthesis. This due to the exposure to a higher temperature during milk stage compared to anthesis stage. These results matched the findings of Ayeneh et al. (2002) .
The CA at anthesis stage showed higher association with GYM compared to milk stage. This can be due to the impairment of chlorophyll and leaf senescence, which led to an increase in the amount of chlorophyll loss at the milk stage. High temperature can damage photosynthesis (Sharkey, 2005) , which reduce the CA measured by SPAD meter. Sharkey (2005) reported similar results. Significant correlations were found between GYM, on one hand, and CTD and CA, similar results found by Dwivedi et al. (2017) . They indicated that under heat stress conditions induced by late sowing date, yield and its components were used as determinants of heat-stress tolerance (Dwivedi et al., 2017) . In addition, late sowing date as well as delayed harvesting negatively affected wheat cultivation due to exposure to heat stress during both anthesis and grain filling stages (Hays et al., 2007) . The exposure to heat stress (37/17ºC) staring from anthesis up to harvesting reduced wheat grain yield due to the reduction in starch accumulation time, comparing to favorable growing conditions (24/17ºC) (Hurkman et al., 2003) . Dwivedi et al. (2017) reported that this reduction in starch synthesis accelerated pollen mortality and finally led to a massive loss in grain yield.
Second (diallel) experiment
The current results showed that the most F1 hybrids showed higher values for CA-A, FLTD-M, CTD-M, GYM and 1000GW than the average of their parental genotypes. In this context, the current results were consistent with the findings of Yıldırım et al. (2013) who reported that chlorophyll content measured with SPAD meter and CTD were significantly associated with grain yield and could be used as indirect selection tool in early segregating generations under heat stress condition induced by late sowing date.
As indicated in the ANOVA table for combining ability, under optimum condition, GCA was the only significant constituent for CA-A and CTD-M, showing the importance of additive gene action for both traits. For GYM and 1000GW displayed significant variation for both GCA and SCA, revealing the importance of both additive and non-additive constituents of gene action. Nevertheless, the additive constituent was largest for both GYM and 1000GW as they showed greater values of mean squares for GCA than SCA. Under heat stress condition, both GCA and SCA showed significant variance for all traits except SCA for DH. However, the additive gene action was more important than non-additive gene action. Wheat represents self-fertilized crops where additive gene action is more important that non-additive gene action; therefore, GCA effects contribute to improvement wheat (Joshi et al., 2003) . The additive and additive × additive gene actions are transferable to later generations, which facilitate the tasks of plant breeders. Kumar et al. (2017) reported similar results under heat stress conditions using CTD, chlorophyll content and grain yield and found that additive gene action was also more important for these traits than nonadditive.
These results suggest using good general combiners' parental genotypes in multiple mating to accumulate the majority of favorable genes of traits of interest. This allow incorporating additive gene action in the development of targeted improved varieties. Joshi et al. (2003) supported these results when they analyzed yield and its components in spring wheat. Jensen (1970) explained that the diallel procedure is an advantageous approach that allows accumulating favorable genes into a single gene pool through multiple crosses. In this regard, the current study revealed that parental genotypes 1, 4 and 6 were the best combiners for GYM, 1000GW, CA-A, FLTD-M and CTD-M under heat stress. Therefore, I suggest using multiple crosses of these parental genotypes in order to accumulate favorable genes of these traits to develop heat stress tolerant breeding materials. The best specific crosses for GYM were 9×6, 11×6 and 4×1 under heat stress.
Conclusion
The magnitude of the correlation coefficient between CA at anthesis stage under heat stress with GY and 1000GW make it a feasible nondestructive tool to assess heat stress tolerance. Furthermore, FLTD at milk stage is an important nondestructive tool associated with GY and 1000GW under heat stress induced by late sowing date. Therefore, using both CA at anthesis stage and FLTD at milk stage are paramount to verify and confirm heat stress tolerant genotypes. The association between FLTD and HSI was strong and significant with values of -0.6 and -0.7 at anthesis and milk stages, respectively. Similarly, both STD and CTD at milk stage in addition to GY and 1000GW exhibited strong significant correlation (r=-0.6) with HSI. Therefore, using theses nondestructive measurements of heat stress tolerance is paramount in wheat breeding programs.
Furthermore, the current study elucidates that both additive and non-additive constituents of gene action were tangled in controlling the genetic of studied traits; however, additive constituent was the largest. In order to exploit both constituents of gene action, it is important include both bi-parental and multiple parental crosses in wheat breeding program. This will lead to tangible improvement of grain yield in wheat. In addition, a local cultivar Sids12 was a good specific combiner with certain exotic germplasm. This implies the importance of creating genetic diversity via using adapted exotic germplasm in Egyptian wheat breeding programs.
